1. Introduction {#sec1}
===============

Although the causes of the aging disturbances are multiple and disputed, it is clear that treating them involves extending not only the lifespan, but also the healthspan and, most importantly, the mindspan \[[@B1]\]. Senescence courses with multiple behavioural changes, with impaired attentional processes, increased incidence of dementias, cognitive dysfunctions, and also significant reductions in motor capacity and coordination \[[@B2]\]. Most likely, these deficits are related to the concomitant reductions in neurogenesis and the increased rate of neuronal apoptosis \[[@B3]\], a problem particularly important in the hippocampus \[[@B4]\].

Searching for preventive and therapeutic treatments for the age-related behavioural dysfunctions, both growth hormone (GH) \[[@B3]\] and melatonin (Mel) \[[@B5]\] are receiving increased attention. Importantly, the plasmatic levels of GH \[[@B6]\] and Mel \[[@B7]\] show important age-related reductions that have been causally related to the impairments of aging. In young individuals, GH increases muscular growth and bone mineralization and activates carbohydrate and protein metabolism, with particularly important effects in the development, activity, and maintenance of the nervous system \[[@B8]\]. It acts as a local factor with an important role in the regulation of cell proliferation and survival \[[@B9]\]. Indeed, a significant part of brain impairment in senescence has been attributed to the age-related reductions in GH secretion in experimental animals \[[@B10]\].

As a consequence, the administration of exogenous GH was an immediate candidate for reversing the age-related disturbances. However, it was rapidly observed \[[@B11]\] that exogenous GH administration at high doses may have important secondary effects, causing acromegaly, increased blood insulin, and cardiovascular problems and facilitating tumor growth. Nevertheless, these effects are dose-dependent and the long term administration of GH at physiological doses may have beneficial effects without undesired secondary consequences \[[@B12]\]. In fact, exogenous administration of low doses of GH improves the structure of the skin \[[@B13]\], the vascular endothelium \[[@B14]\], and the immune system \[[@B15]\] and, in the nervous system, facilitates neurogenesis in aged experimental animals \[[@B16]\] and promotes the proliferation of neural stem cells in adult mice \[[@B17]\] and in the brain of adult rats \[[@B18]\]. Furthermore, beneficial effects on memory, mental alertness, motivation, and general cognition have been reported after GH administration to humans \[[@B19]\]. These effects have been attributed to increased neurogenesis in the hippocampal dentate gyrus, with the consequent improvements in recent memory \[[@B20]\].

In addition, it has been found that GH replacement at low doses protects against sarcopenia \[[@B21]\], reverses the impairments in cognitive performance \[[@B22]\], and causes significant improvements in memory, alertness, motivation, and working capacities. Also the cerebellar ataxia observed after the administration of neurotoxins can be prevented with pretreatment (neuronal rescue effect) or can be treated (recovery without rescue) with the IGF-1, which is produced in response to GH administration \[[@B20]\]. These effects are probably mediated by GH receptors located in glia, neurons, and neuroendothelial cells \[[@B23], [@B24]\]. Of course, most of these results have been reported after experimental studies performed in animals, but also after some clinical studies in humans. However, and apart from ethical questions, the high costs of exogenous GH administration hindered the widespread use of exogenous GH for age-related problems in human subjects.

In summary, positive effects of GH treatment on adult neurogenesis have been found in both laboratory animals and GH deficient human patients and the substitutive administration of GH could be an effective procedure to prevent and/or delay some manifestations of senescence \[[@B25]\].

On the other hand, Melatonin (Mel) exerts two main physiological functions. First, circulating Mel, secreted by the pineal gland during darkness in both diurnal and nocturnal animals, is the main marker and regulator of the biological time. In addition, extrapineal sources of Mel have been found in many tissues and nonneuroendocrine defensive cells. The ubiquitous presence of extrapineal Mel promoted its consideration as a part of the diffuse neuroendocrine system involved in the response to external and internal sources of cellular and tissular oxidative stress. Nowadays, Mel is considered as a paracrine molecule signalling the local coordination of intercellular relationships \[[@B26]\], with antioxidant \[[@B27]\], oncostatic \[[@B28]\], antiaging \[[@B29]\], and immunomodulatory properties \[[@B30]\]. Strong reductions in circulating Mel have been observed in a number of disorders and diseases including Alzheimer\'s disease as well as in other neurological and stressful conditions such as pain, cancer, endocrine and metabolic alterations, and cardiovascular disease \[[@B29]\]. In summary, Mel has a powerful activity boosting the immune system and reducing the oxidative stress that appears as a result of the general metabolism and activity. Melatonin exerts its protective action both by directly scavenging oxidative and nitrosative free radicals like the inducible Nitric Oxide Synthase and by the stimulation of endogenous antioxidants like glutathione oxidase and reductase, as well as superoxide dismutase and catalase \[[@B31]\].

The age-related reductions in the plasmatic levels of Mel \[[@B7]\] also have been related to the impairments in muscular strength \[[@B32]\] and it has been found that the exogenous administration of Mel has neuroprotective effects \[[@B33]\] and increases the cognitive capacity \[[@B34]\], effects that have particular therapeutic activity in Alzheimer and Parkinson patients \[[@B30], [@B35]\] showing a protective activity against the neurotoxicity induced by the beta-amyloid peptide \[[@B36], [@B37]\].

Apart from its role as a clock, Mel also works as calendar, with high levels during darkness and during winter, as consequence of the higher duration of dark exposure. On the other hand, GH secretion is restricted to NREM Sleep in humans \[[@B38]\] a species with monocyclic sleep, but also in Slow Wave Sleep of polycyclic animals \[[@B38], [@B39]\]. However, sleep regulation is also dependent on the circadian clock both in diurnal humans and in nocturnal rats, \[[@B40]\]. These data explain the existence of significant interactions between Mel and GH. Indeed latitudinal, seasonal, and circadian variations in adolescent\'s body growth have been inversely correlated to the amount of environmental light, suggesting that high melatonin may play an inhibitory role in GH secretion \[[@B41]\], a fact that has been confirmed in posterior studies \[[@B42], [@B43]\]. In addition, the administration of Mel at the beginning of the dark period restores the melatonin secretion in the pineal gland and the serum levels of GH and IGF-1, in a rat model of Alzheimer disease \[[@B37]\].

Summarizing, a set of independent reports show that the administration of exogenous GH and Mel have many coincident protective and therapeutic effects on the ageing nervous system. Taking into account their interactions, the present report aims at comparing the behavioural consequences of administering GH and Mel to young and old Wistar rats.

2. Material and Methods {#sec2}
=======================

2.1. Animals {#sec2.1}
------------

The study has been performed on several groups of male Wistar rats. All animals were kept under standard conditions (12/12 L/D, 22 ± 1°C, 70% relative humidity,*ad libitum* pelleted chow and tap water). The body weight and the amount of food consumed were controlled daily for all animals. All experiments were performed under approval of the local Ethical Committee of the University of the Balearic Islands.

Four groups containing 7 young animals (12 weeks old) were used: (1) young controls, receiving a subcutaneous injection 0.5--07 ml of saline every 12 h (08.00 and 20.00 h) during four weeks, 7 days/week, and (2) young experimental animals, receiving the same injection volume added with recombinant human GH (rHGH, Omnitrope, Sandoz, Spain) (1 mg/k b.w.). Two additional groups of 7 aged animals (23-24 months old) received saline and GH, respectively, with the same schedule and doses described for young animals.

A second set of twenty-eight animals receiving the same pretreatment in light, environmental temperature, and food were used to study the effects of Mel ingestion. The young and old experimental groups (*n* = 7 each) received melatonin (Sigma, St. Louis, MO) dissolved in ethanol and then diluted in water to reach a final v/v proportion of 2% in drinking water during 28 days. The Mel content was calculated to provide an approximate daily intake of 1 mg/k b.w. The volume of consumed liquid was recorded every day and the proportions were accordingly corrected to maintain the desired dosage. Two additional control groups, young and old (*n* = 7 each), only received vehicle (2% ethanol in tap water).

2.2. Experimental Procedure {#sec2.2}
---------------------------

### 2.2.1. Radial Maze and Rotarod Tests {#sec2.2.1}

Previously to experimental procedures, each animal was weighed and then submitted to food restriction until reaching 80--85% of the previous body weight under "*ad libitum*" feeding. The weight reduction was achieved by administering 60% of the*ad libitum* food during \~5 days. However, we allowed two additional days to test the stability and the health status of the animals. Then, every animal was submitted to the radial maze test, being placed in the center of an eight-arm radial maze (LE766/8, Panlab SL, Barcelona, Spain) under 50 lux illumination and with a 50 mg food pellet placed in a small cup at the end of each arm. The movements of every animal were recorded with a digital video tracking system (LE 8300 with software SEDACOM v 1.3, Panlab SL, Barcelona, Spain) and the performance was assessed taking into account (1) time until either all 8 baited arms had been visited, or 20 min had elapsed, (2) number of errors (number of reentries into an arm previously visited plus the number of unvisited arms), and (3) total distance run until the end of performance. Although a visit to an arm was scored when the animal reached 75% of its length, the complete length of the arm was computed for calculating the total distance. The test was repeated four times, at the end of every week during the four experimental weeks.

Previously to the saline/GH/Mel administration, but after the food restriction, all animals were submitted to several training sessions until reaching a stationary performance level in a rotarod apparatus (LE 8300 SeDaCom v.1.3.1, Panlab SL, Barcelona, Spain) with increasing rotation speed (from 4 to 40 turns/min in 30 sec). Then, after the 28 experimental days, all animals returned to the*ad libitum* diet until recovering the predeprivation body weight. This was achieved in \~3 days, after which the motor coordination was tested again in the same apparatus. The final rotarod score was the averaged result of five consecutive trials.

2.3. Statistics {#sec2.3}
---------------

The results were submitted to variance analysis with repeated measures within each GH or Mel experiment, using SPSS package. Age and treatment were used as independent variables and body weight and performance in the radial maze and in the rotarod test as dependent variables. SEM has been used for the graphic expression of the results.

3. Results {#sec3}
==========

3.1. Effects of GH {#sec3.1}
------------------

### 3.1.1. Radial Maze Test {#sec3.1.1}

The performance in the radial maze of controls and GH treated animals has been represented in Figures [1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, and [4](#fig4){ref-type="fig"}. [Figure 1](#fig1){ref-type="fig"} shows the number of errors, defined as repeated visits to previously visited arms of the maze, added to the number of unvisited arms after a maximum 20 min lag. Young animals always produced a lower number of errors which were further reduced after receiving GH in both young and old animals. Although the figures were much lower in young before the treatment, no significant differences were found between GH treated old animals and untreated young.

The time needed to perform in the radial maze is shown in [Figure 2](#fig2){ref-type="fig"} where the total time has been decomposed in immobility time and running (execution) time. Although the GH caused a higher reduction in movement time in young animals, no significant differences were found in movement time when comparing untreated young and GH treated old.

[Figure 2](#fig2){ref-type="fig"} also shows that all rats remained immobile during most of the time. Although the differences between young and old untreated animals were highly significant, the main effect of GH in old animals was the reduction in inactive time.

Although all young animals obtained the eight available reinforcements, the old controls only got 4.44 ± 2.88 pellets in the preset time (20 min). However, the administration of GH to old animals raised the performance up to the same level of the young animals (8 pellets).

[Figure 3](#fig3){ref-type="fig"} shows the total distance that the animals ran in the maze until performing the task. The administration of GH caused a reduction in both groups. Although the reductions were more important in young, the difference between saline young controls and GH treated old animals vanished.

[Figure 4](#fig4){ref-type="fig"} shows the time course in the reduction of errors (a) and performance time (b). For the sake of simplicity, only the results recorded in old animals have been presented, but the results were identical in young groups for errors and time. While the controls showed steady levels along the four weeks, the GH treatment caused progressive reductions in errors and time, but the difference only reached significance after 21 days for errors and after 14 days for performance time.

### 3.1.2. Rotarod Test {#sec3.1.2}

The results of the performance in the rotarod test are shown in Figures [5(a)](#fig5){ref-type="fig"}, [5(b)](#fig5){ref-type="fig"}, and [5(c)](#fig5){ref-type="fig"}. Although no difference was found in young animals when comparing training sessions with saline and GH groups, GH treated animals showed a better performance than saline treated animals ([Figure 5(a)](#fig5){ref-type="fig"}). Similar results were recorded in old animals, in which GH caused very significant improvements ([Figure 5(b)](#fig5){ref-type="fig"}). Lastly, [Figure 5(c)](#fig5){ref-type="fig"} shows that the differences between young and old vehicle controls in falling time were small, though still significant. However, although the administration of GH caused highly significant improvements in both groups, they were even higher in old animals. Indeed, departing from lower levels than young controls, they reached higher scores than GH treated young 181% of relative increase in old and only 134% in young (*P* \< 0.001 for young and *P* \< 0.000 for old).

3.2. Effects of Melatonin {#sec3.2}
-------------------------

### 3.2.1. Radial Maze Test {#sec3.2.1}

The performance in the radial maze of controls and Mel treated animals has been represented in Figures [6](#fig6){ref-type="fig"}, [7](#fig7){ref-type="fig"}, [8](#fig8){ref-type="fig"}, and [9](#fig9){ref-type="fig"}. [Figure 6](#fig6){ref-type="fig"} shows the number of errors (repeated visits + unvisited arms). Young animals always produced a lower number of errors but the administration of Mel also caused a significant reduction of errors in young and old. No significant difference existed between young vehicle treated and old Mel treated animals.

[Figure 7](#fig7){ref-type="fig"} shows the time spent for performance in the radial maze. As for GH, the total time has been decomposed in immobility and running time. [Figure 7](#fig7){ref-type="fig"} shows that most of the total time was spent in immobility in all groups but it was particularly higher in old controls. Although Mel caused a small reduction in young animals, the reduction in total time was dramatic in old animals up to the point of reaching similar levels when compared with the two young groups.

On the other hand, all young animals obtained the eight available reinforcements, while the old controls only got 4.55 ± 2.67 pellets in the preset time (20 min) a figure that was raised to all pellets after the Mel treatment. Surprisingly, the treatment with Mel increased the execution time in both young and old animals, that is, the treatment with Mel impaired the results in both ages. Thus, the clearest effect of Mel consisted in decreasing the immobility time and the number of errors but not the time for performance in both young and old animals.

[Figure 8](#fig8){ref-type="fig"} shows the total distance that the animals ran in the maze. The administration of Mel caused a reduction in both groups and, once again, the difference between young vehicle controls and old Mel treated animals vanished. The total distance run by old animals was mildly, but significantly decreased (*P* \< 0.05) when comparing vehicle and Mel treated young animals.

Figures [9(a)](#fig9){ref-type="fig"} and [9(b)](#fig9){ref-type="fig"} show the time course of the results observed in the radial maze test after Mel treatment. As in [Figure 4](#fig4){ref-type="fig"}, only the results recorded in old animals have been presented, but the results were identical in both groups. The difference between vehicle and Mel reached statistical significance after 14 days for errors and after 21 days for total time performance.

### 3.2.2. Rotarod Test {#sec3.2.2}

The effects of Mel on the performance in the rotarod test are shown in Figures [10(a)](#fig10){ref-type="fig"}, [10(b)](#fig10){ref-type="fig"}, and [10(c)](#fig10){ref-type="fig"}. As expected, young animals performed better both before and after Mel administration. However, as in GH experiments, Mel administration to old animals improved their results up to the levels of young untreated animals.

4. Discussion {#sec4}
=============

4.1. The Radial Maze Test {#sec4.1}
-------------------------

The Radial Arm Maze Test \[[@B44]\] has been used for decades to explore the memory processes in rodents. When placed in the center of the maze, the rats must learn to run down an arm of the maze to secure the food placed at its end. This rule is constant from trial to trial and constitutes the long term or "reference" memory \[[@B45]\]. A second task consists in remembering the visited arms to avoid unfruitful repetitions. This task depends on the "working" memory. It is considered the closest analogue to recent memory in man \[[@B45]\] and is highly sensitive to aging \[[@B46]--[@B48]\].

It has been affirmed that the results of the full baited radial maze as used in the present study are liable to mask different mnemonic representations \[[@B49]\]. Indeed, the animal may learn, for instance, a clockwise running strategy to orderly visit the different arms of the maze, instead of learning the precise placement of visited and unvisited arms for which a true memory of place would be needed. To distinguish between the two types, a maze with timed confinement has been recommended \[[@B50], [@B51]\]. However, the long immobility times recorded in the present experiments (between 6--20 times longer than the effective movement time) most probably precluded memorizing strategic memories as efficiently as the proposed 15 s confinement procedure and favored, instead, the memory of place. Moreover, it has been found that aged rats predominately rely on spatial information \[[@B52]\]. Besides, the nonconfinement procedure used in the present study had the advantage of allowing distinguishing between immobility time and execution (movement) time. More importantly, it also allowed the precise quantification of additional variables for an accurate description of the physical performance of each animal. Indeed, the average speed of movement can be easily calculated taking into account the distance run and the time spent in movement. Regarding the energetic output, the energy to move a body over a horizontal surface is entirely spent against the frictional forces to which the mean kinetic energy produced during the execution of the task must be added. In a first approach, the frictional forces should not be too different between the experimental groups. Therefore, the differences in kinetic energy may be used as proxies of the motor capacity---the stamina---of different groups. The kinetic energy is the product of body mass, times the square of the average speed. As we know these two variables, the energy spent for the execution task in the radial maze may be compared in the four experimental groups and a summary of the results is shown in [Table 1](#tab1){ref-type="table"}.

While the crude results of the radial maze test, as shown in Figures [1](#fig1){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, [6](#fig6){ref-type="fig"}, [8](#fig8){ref-type="fig"}, and [9](#fig9){ref-type="fig"}, clearly show similar improving effects of both GH and Mel, the size of the changes ([Table 1](#tab1){ref-type="table"}) reveals important differences between the two hormones. The results shown in [Table 1](#tab1){ref-type="table"} can be summarized as follows:GH caused a greater increment in body weight.Both GH and Mel reduced the distance run in young and old animals.Both GH and Mel reduced the immobility time. However, the reduction was more important for Mel.GH caused important reductions in movement (executive) time, that is, the animals receiving GH minimized the time needed to obtain reinforcement. In contrast, Mel caused significant increases in execution time.As a combined effect of distance and time, GH greatly increased the speed of movement in young and in a lesser extent in old animals. Contrasting, clear speed reductions were recorded in both young and old animals receiving Mel.As a combined effect of the changes in body mass and movement speed, GH caused very high increases in the energy spent by movements in young (720%) and of lower magnitude in old animals (167%). On the contrary, Mel caused clear reductions in energetic expenditures, without differences between young and old animals.Overall, GH always caused higher improvements in the execution of the task.

The results obtained in the present study are consistent with previous ones showing that rats are very proficient in the radial maze test and in showing that the ability to solve tasks requiring the use of spatial memory declines with aging in rats. However, it is remarkable that, according to previous literature, a high heterogeneity has been regularly observed in the performance of aged rats, because some rats remained immobile during the entire testing time, while other animals were able to obtain all reinforcements \[[@B47], [@B48], [@B53]\]. At variance, the responses obtained in the present study were rather uniform (4.55 ± 2.67 and 8 ± 0 reinforcements were always obtained for old controls and GH treated animals, resp., and 4.44 ± 2.88 and 8 ± 0 for Mel). The difference might be due to the different strains of used rats. Indeed, it has been found that, compared with the Wistar rats, the Fischer-344 rats, used by the previously cited authors, display a more pronounced fearful behavior in all studied tests \[[@B54], [@B55]\] and, in fact, the differences between rat strains are most pronounced in the Fischer-344 strain \[[@B56]\].

Nevertheless, the present results are consistent with previous ones in the high figures of immobility time, a trait that, together with the sensitivity of this parameter to GH and Mel, is worth analyzing. In general, inhibitory mechanisms may minimize proactive interferences in the execution of the working memory in which case the task results improved by reducing the execution time and the number of errors. However, it also may be the result of fear or other factors blocking the decision and thus interfering with the execution. In this case, the interference should cause wrong and/or delayed right responses \[[@B57]\]. Thus, inhibiting proactive interferences should stabilize the representations of working memory and protect them from distraction, while those interfering with movement (disinhibiting spurious activities) would impair the task \[[@B57]--[@B60]\].

On the other hand, the immobility is probably equivalent to the so-called emotional freezing recorded in rats in many aversive situations \[[@B61]--[@B63]\] which is produced because of increased inhibitory influences upon the motor system. In consequence, the immobility recorded in the present experiments probably reflects the emotional response to the radial maze environment.

Indeed, GH minimized the emotional immobility and maximized the proactive inhibition, both contributing to improve the execution of the task of young animals, whereas Mel improved the emotional interferences and the production of right responses but impaired the execution time that was always increased when compared with vehicle treated animals.

We recovered no specific references on the eventual effects of GH in the emotional state. Contrasting, many reports observed improved attention after GH administration \[[@B20], [@B64], [@B65]\], a result that can explain the reduction in immobility. In addition, there are many reports showing that exogenous GH improved cognitive \[[@B64], [@B66], [@B67]\] and motor capabilities \[[@B68]--[@B70]\], These effects can explain the reductions in execution time and support the improvements in working memory. Please note, however, that this effect was particularly important in young, but not so much in old (see the interaction young GH/old GH, [Table 1](#tab1){ref-type="table"}).

Therefore, it may be concluded that (1) the effects of increased attention in GH treated animals possibly explain the reductions in immobility time and (2) GH caused important reductions in execution time or, what is the same, improved the working memory.

Regarding Mel, it has been reported that it shows anxiolytic properties. Indeed, Mel increases the motor activity and decreases defecation, the two main indexes of stress alleviation in the rat \[[@B71]--[@B73]\]. Further, it is known that old rats show increased fear when exposed to new environments \[[@B52], [@B74], [@B75]\]. In addition, Mel inhibits memory \[[@B76], [@B77]\]. Taking into account these facts, the reduction in immobility observed after Mel administration should reflect, at the same time, reductions in fear, stress, and anxiety caused by the exposure to the maze environment. On the other hand, these effects, combined with the impairing effects Mel on memory, may explain the increases in execution time. However, these results are contradictory with the reduction in errors and in distance observed in the present experiments (see Figures [6](#fig6){ref-type="fig"} and [8](#fig8){ref-type="fig"}), but also in other reports which demonstrated cognitive improvements after Mel administration \[[@B78]--[@B80]\].

To analyze the meaning of these contradictory results, we should remember the two main physiological roles of Mel. First, it is the universal marker and regulator of the biological time and, consequently, the effects of Mel are closely dependent on the time of administration. Indeed, it is known that the volume of ingested liquid varies along the 24 h cycle, with differences between rat strains. In this respect, Wistar rats seem to concentrate the maximal drinking during the nocturnal time \[[@B81]\]. Therefore, the maximal Mel ingestion should have occurred, in the present experiments, in coincidence with the normal nocturnal peak of Mel secretion and, given it short half-life \[[@B82]\], with its maximal physiological effects. In this respect, our results are similar to those obtained by Rudnitskaya et al., \[[@B37]\] who administered Mel at 8.00 pm and found that it prevented the increases in anxiety and the declines in locomotor activity, in exploration and in reference memory. Therefore, the time-related properties of Mel should have been responsible, at least in part, for the obtained results.

On the other hand, Mel shows important differences in function of the chronotype of the studied species \[[@B83]--[@B85]\]. Indeed, exogenous Mel administered before dark time causes mild hypnotic effects in diurnal humans \[[@B86]--[@B88]\] whereas it increases activity in nocturnal rats \[[@B89]--[@B91]\]. As summarized by Van Den Heuvel et al. (2005) \[[@B92]\], "melatonin is primarily a neuroendocrine transducer promoting an increased propensity for 'dark appropriate\' behavior". Therefore, the activation of the chronotype-related activated consequences of the increased nocturnal drinking of Mel might seem to be in conflict with its anxiolytic activity, which has been recorded in both diurnal humans \[[@B93], [@B94]\] and nocturnal rats \[[@B37], [@B71]--[@B73]\]. This seemingly paradoxical effect may be explained taking into account first the fact that serotonin shares anxiolytic properties with Mel \[[@B95], [@B96]\] and the fact that the synthesis of both substances depends on the presence of its precursor, the essential amino acid tryptophan \[[@B30]\]. Therefore, irrespective of the chronotype, the net effect of the tryptophan metabolism is always anxiolytic; that is, it causes serotonergic anxiolytic relief during light time and melatonergic relief during dark. Applying this conclusion to the results of the present report, Mel should have contributed to reducing fear and stress, and, consequently, the immobility time. At the same time, its anxiolytic properties may have delayed the execution time without impairing the learning.

Apart from its role as a time marker, Mel is probably the most efficient natural antioxidant substance, with a high capability to reduce the mitochondrial concentration of reactive oxygen species, a causal problem in the ageing and particularly important in the health of hippocampal neurons \[[@B97], [@B98]\]. This activity may have particular importance in Alzheimer and Parkinson disease. Indeed, Rudnitskaya et al. (2015) found that Mel contributes to the regulation of the levels of the brain-derived neurotrophic factor (BDNF). It is known that BDNF plays a crucial role in neurogenesis, neuronal survival, and synaptic plasticity \[[@B99], [@B100]\]. Therefore, the improved activity of BDNF, consequent to the antioxidant properties of Mel, should have been causal in neuroprotection as shown by \[[@B33]\], but also in improving the cognitive capacities \[[@B34]\] in increasing the muscular strength \[[@B32]\] and in protecting against the neurotoxicity induced by the beta-amyloid peptide \[[@B36], [@B37]\]. Altogether, these effects probably explain the therapeutic capability of Mel in Alzheimer and Parkinson patients \[[@B31], [@B35]\].

In summary, GH and Mel may have improved the cognitive performance in the radial maze through different strategies. GH did it by improving attention and improving the execution through inhibition of interferences. On the other hand, Mel reduced the immobility by reducing fear but also enhanced the working memory, as shown by the reductions in errors and the success in obtaining the maximal number of reinforcements, a result that was obscured under the reductions in the execution speed. However, the increased execution time should be considered not because of impaired working memory; instead, the fear reduction possibly allowed rats to be free for loafing in executing the task. Similar delays have been repeatedly observed after fear reduction in extended experiments of avoidance learning \[[@B101], [@B102]\]. The anxiolytic properties of Mel, added with its neuroprotective antioxidant activity should have contributed to the improvement of the cognitive capacity.

Taking now into account other factors with possible consequences on the present results, we should reject differences in hunger motivation. Indeed, irrespective of the treatment, no difference was found in the food intake of young and old animals (data not shown), in agreement with other authors \[[@B103]--[@B105]\].

The strong differences in the energy output of GH and Mel treated animals can be explained taking into account that GH increases the metabolism, improves the protein synthesis and the utilization of glucose, and decreases the lipid deposition \[[@B106]--[@B110]\]. Further, we saw that exogenous GH improves the motor performance in GH deficient individuals. These results contrast with the properties of Mel, which improves the circadian metabolic regulation without modifying the general metabolism and, besides, reduces emotionality. Altogether, these effects explain most of the similarities and differences recorded in the radial maze test but, in particular, explain the Mel-related decreases in speed, in production of energy, as well as the increases in execution time.

4.2. Rotarod Test {#sec4.2}
-----------------

The rotarod test \[[@B111], [@B112]\] has been customarily used to quantify the motor coordination in rats and mice. As in the radial maze, many authors observed severe age-related impairments in the rotarod performance \[[@B113]--[@B116]\].

Our study began comparing the latency to fall between the training sessions performed before and the changes recorded in control animals after finishing the hormonal treatments. These results would show the effects of the elapsed time between tests (32 days), that is, the persistence of motor reference capability. Indeed, we found no significant deficits, neither in young nor in old controls. Thereafter, we tested the effects of GH and Mel administration in the performance of young and old animals. In this case, we found that the administration of GH caused very significant improvements in young and old animals. Regarding Mel, we found the same improving effects in young, but they were less significant in old.

The improving effects of both GH and Mel can be easily explained by taking into account the already described psychophysiological effects of the two hormones. These effects should be added with the well-known beneficial consequences of GH in motor activity and coordination \[[@B68]--[@B70]\] as well as those of Mel improving alertness in nocturnal rats and minimizing the levels of oxidative stress \[[@B114], [@B117]\]. Therefore, as a first conclusion, the effects of the two substances in the radial maze and in the rotarod test are clearly congruent and the consequences of administering GH and Mel depend, first on the improvement in cognitive capacity in the radial maze test, but also in improved motor capability and coordination as sown in the rotarod test.

*Limitations of the Study*. The most important limitation of the present report lies in having studied only the effects of the daily administration of GH in the form of a bolus in rats in which many similar effects but also important differences with humans exist. GH is mostly secreted during the first NREM cycle of sleep in humans with low dependence of the circadian time \[[@B118], [@B119]\] while in rats occurs in 3-4 h ultradian, feeding-related spurs \[[@B120], [@B121]\]. On the other hand, Mel is secreted under the control of the internal clock and exclusively occurs during dark time in all animals. Therefore, it is likely that the antagonistic relationships between GH and MEL as described in diurnal mammals and birds \[[@B122]\] may have different consequences in nocturnal rats and, most likely, make the interpretation of the eventual conjoint administration of GH and Mel difficult, as shown in the results of Forman et al. (2011) \[[@B123]\]. Nevertheless, the present report might open an interesting avenue of research, mostly to analyze in detail the precise functional mechanisms of the beneficial activity of the two hormones in aged animals and humans and, eventually, the cognitive effects of their combined administration.

4.3. General Discussion {#sec4.3}
-----------------------

### 4.3.1. GH {#sec4.3.1}

First of all, it is known that rHGH shows species specificity and may induce the formation of antibodies after long term administration in rats. However, a member of our group (JAFT) have an extensive experience on its administration to rats for over 2.5 months, always with positive results and with no significant antibody-related problems.

On the other hand, we should remember that many reports demonstrated that the exogenous administration of GH in adults causes many undesired side effects. However, we also saw that these effects are dose-dependent and that the administration of low GH doses avoided the undesired consequences of the exogenous GH and reduced and/or retarded the apparition of many consequences of senescence in humans and animals. The results of the present report clearly support the fact that the daily administration of 1 mg/k. of GH caused significant improvements in activity, in speed of movement, and in working memory and greatly increased the stamina, not only in old animals, but also in young ones. Therefore, as a result of previous experiences as well as of the experiments described in the present report, the evidence on the beneficial effects of low doses of GH in young and, importantly, in aged animals, increases. However, it also should be remembered that growth, protein synthesis, increased glucose utilization, and in general increased energetic metabolism require increased ATP use, which is primarily generated via oxidative phosphorylation in the mitochondria \[[@B124]\].

In addition, it should be noted that we only have observed effects at a very short term and we do not know neither how much they will persist, nor their long-term unexpected consequences. In this respect, it has been found that the administration of low doses of GH to dwarf, GH-deficient mice, decreased liver, kidney, and heart catalase and glutathione peroxidase, that is, the most important enzymes protecting against oxidative stress \[[@B125]\]. Reciprocally, animals with adult onset GH deficiency show decreased incidence, severity, delay, or elimination of deaths from tumors, chronic nephropathy, and intracranial hemorrhages \[[@B126]\], and mice with deficiency in IGF-1 receptors display greater resistance to oxidative stress and longer lifespan than their littermates \[[@B127]\]. Fewer DNA breaks and increased apoptosis were found in cell cultures exposed to oxidant agents added with serum obtained from subjects with GH receptor deficiency \[[@B128]\]. Likewise, mice with overexpression of GH have a reduced life expectancy, while animals with reductions in GH and other growth factors of the somatotrophic axis show the opposite \[[@B126], [@B129]--[@B131]\]. In general, it should be concluded that the extended lifespan observed in subjects with low GH levels is always linked to improvements in the immunologic system and in boosting the systems protecting against the oxidative stress \[[@B125], [@B132]--[@B134]\]. Moreover, individuals with subphysiological GH levels had better lifespan expectancy, while transgenic animals with excessive production of GH possessed higher rates of free radical production \[[@B135], [@B136]\] which, most likely, should be correlated with accelerated ageing. Summarizing, there is an important deal of evidence showing that, even at physiological concentrations, GH have deleterious consequences on lifespan.

Paradoxically, it also has been reported that low doses of GH increase the levels of antioxidant enzymes in old rats \[[@B21]\]. In addition, physiological concentrations of GH elicited a protective effect against the mitochondrial oxidative stress \[[@B124]\]. However, this same study observed that these antioxidant effects were diminished at supraphysiological concentrations. Moreover, important dose-dependent differences in oxidative stress were found: while 2 mg/k of GH increased the oxidative stress in rats, halving the dose did reduce the oxidative damage \[[@B137]\]. These results put on the table the question of the correspondence between what are currently considering low pharmacological GH levels, for instance the dose of 1 mg/k used in the present study, and true physiological GH levels. Possibly, small differences between physiological and pharmacological levels may have important consequences on the cellular oxidative status. Moreover, it is perhaps important to note that the physiological levels are dependent on the physiological state \[[@B138]\] but also on age \[[@B6]\] and, in fact, GH supplementation to old individuals always may signify a pharmacological intervention.

As a conclusion, taking into account the current state of the knowledge, it is difficult to recognize the long-term effects of GH administration. As Bartke (2016) \[[@B139]\] recently affirmed, the extension of healthspan and longevity depend on suppressing the GH signaling. However, it is evident that old subjects have in fact reached longevity. Therefore, they should be free from the eventual reduction in life expectancy. While GH administration to young subjects may have negative effects on lifespan, the problem has lower entity in aged subjects in which low doses of GH have important benefits in healthspan and mindspan, that is, on quality of life.

### 4.3.2. Melatonin and Lifespan {#sec4.3.2}

As in the case of GH, the results of the present report regarding the administration of exogenous Mel are only short-term effects. However, contrasting with the possible negative effects of exogenous GH, a high number of positive long-term effects have been reported after administering Mel. We can refer again to the double face of Mel, as a chronobiologic hormone and as a highly efficient antioxidant and free radical scavenger.

Regarding its chronobiologic properties, there are many reports showing that exogenous Mel improves the expression of the biological rhythms \[[@B140]--[@B142]\]. Reciprocally, there are many evidences showing that the circadian disruption is an important factor in the development of obesity \[[@B143], [@B144]\], the metabolic syndrome \[[@B144]--[@B148]\], and cancer \[[@B149]--[@B151]\]. In addition, the circadian disruption is an important factor in the development of age-related neurological pathologies \[[@B152], [@B153]\]. In summary, there is a huge amount of literature showing the positive aspects of Mel in the lifespan and, reciprocally, the deleterious consequences of the circadian disruption. Of course, many of the described chronobiologic effects of Mel are closely related to its antioxidant properties and a huge number of reports show the direct relation between Mel, redox state and life expectancy \[[@B154]--[@B156]\]. Likewise, most reports show that Mel is surprisingly devoid of significant toxicity as well as of short- and long-term adverse effects both in animals \[[@B157], [@B158]\] and in humans \[[@B159]\]. Only in pediatric medicine the absence of undesired effects of long-term Mel administration remains at present unknown \[[@B160]\].

### 4.3.3. General Conclusions {#sec4.3.3}

The administration of low doses of GH have clear effects on cognition and on motor capabilities in young and old animals. However, its long-term effects are less clear and may have many undesired consequences that are highly dependent on the administered dose and may be particularly important for young subjects. Nevertheless, being evident that the long-term effects should be less important for the aged, the exogenous administration of low GH doses in this group might cause significant improvements in their quality of life.

Regarding Mel, the conclusions might be in part similar, although the long term effects in young, and particularly in infancy, remain unknown and should be taken with caution. However, opposite to GH, Mel shows a surprising low toxicity and, in the present state of the affairs, and irrespective of the dose, no significant adverse effects have been demonstrated, neither in adults nor in aged.

Interestingly, it seems that the effects of GH and related growth factors are consistent with a model of antagonistic pleiotropy, producing rapid growth and physiological efficiency in the young and increasing the lifespan but at the risk of functional impairments and tissue degeneration in aged individuals \[[@B126]\]. However, such antagonism seems to be inexistent in the case of Mel given its absence of negative effects. Accordingly, the surprising parallel disappearance of the two hormones upon reaching maturity might have different significance for the two hormones. According to the bulk of evidence, the reduction of GH secretion in middle aged subjects might aid in increasing the lifespan at the expense of impairing cognition, while that of Mel might seem only the result of an age-related degenerative changes that should appear as a consequence of the loss of fertility.

Competing Interests
===================

The authors declare that they have no competing interests.

![Number of errors recorded in the radial maze test in young and old rats after vehicle and 28 days of rHGH administration. The stars (*∗*) mark the significance of the differences between animals of the same age and the cross (†) marks the differences between ages. Vehicle: saline control; rHGH: growth hormone treated animals. ^*∗∗∗*^  and ^†††^ *P* \< 0.001.](OMCL2016-5863402.001){#fig1}

![Running time, immobility time, and total time spent in the radial maze in young and old rats after vehicle and rHGH administration. The stars (*∗*) mark the effects of comparing rHGH and vehicle in animals of the same age and the cross (†) marks the differences between ages. Abbreviations are as in [Figure 1](#fig1){ref-type="fig"}. ^*∗∗∗*^  and ^†††^ *P* \< 0.001, ^*∗∗*^ *P* \< 0.01, and ^*∗*^ *P* \< 0.05.](OMCL2016-5863402.002){#fig2}

![Total distance run in the radial maze test by young and old animals after saline and GH administration. The stars (*∗*) mark the significance of the differences between animals of the same age and the cross (†) marks the differences between ages. Abbreviations are as in Figures [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}. ^*∗∗∗*^  and ^†††^ *P* \< 0.001.](OMCL2016-5863402.003){#fig3}

![Time course of the reduction (a) in the number of errors and (b) in the time spent in the radial maze test in old animals receiving GH. The stars (*∗*) mark the significance of the differences between saline and GH. Abbreviations are as in previous figures. ^*∗∗∗*^ *P* \< 0.001, ^*∗∗*^ *P* \< 0.01, and ^*∗*^ *P* \< 0.05.](OMCL2016-5863402.004){#fig4}

![Time until fall in the rotarod test before and after GH treatment in young (a) and old (b). (c) The time until fall in young and old rats after four weeks of vehicle and GH administration. The stars (*∗*) mark the significance of the differences between animals of the same age and the cross (†) marks the difference between ages. Abbreviations are as in previous figures. ^*∗∗∗*^  and ^†††^ *P* \< 0.001; ^*∗∗*^ *P* \< 0.01 and ^†^ *P* \< 0.05.](OMCL2016-5863402.005){#fig5}

![Number of errors recorded in the radial maze test in young and old rats after vehicle and 28 days of MEL administration. The stars (*∗*) mark the significance of the differences within groups of the same age and the cross (†) marks the differences between ages. ^*∗∗∗*^  and ^†††^ *P* \< 0.001. ^*∗*^ *P* \< 0.05.](OMCL2016-5863402.006){#fig6}

![Total time, immobility time, and execution time spent in the radial maze in young and old rats after vehicle and MEL administration. The stars (*∗*) mark the significance of the differences within animals of the same age and the cross (†) marks the differences between ages. ^*∗∗∗*^  and ^†††^ *P* \< 0.001; ^*∗∗*^  and ^††^ *P* \< 0.01; ^†^  and ^*∗*^ *P* \< 0.05.](OMCL2016-5863402.007){#fig7}

![Total distance run until performance in the radial maze test is recorded in young and old animals after vehicle and MEL administration. The stars (*∗*) mark the significance of the differences within animals of the same age and the cross (†) marks the differences between ages. ^*∗∗∗*^  and ^†††^ *P* \< 0.001. ^*∗*^ *P* \< 0.05.](OMCL2016-5863402.008){#fig8}

![Time course of the reduction in (a) number of errors and (b) time recorded in the radial maze test in old animals. The stars (*∗*) mark the significance of the differences between vehicle and MEL. ^*∗∗∗*^ *P* \< 0.001 and ^*∗*^ *P* \< 0.05.](OMCL2016-5863402.009){#fig9}

![Time until fall in the rotarod test before and after treatment in young (a) and old (b). (c) The time until fall in young and old rats after four weeks of vehicle and MEL administration. The stars (*∗*) mark the significance of the differences within animals of the same age and the cross (†) marks the difference between ages. ^*∗∗∗*^ *P* \< 0.001; ^*∗*^  and ^†^ *P* \< 0.05.](OMCL2016-5863402.010){#fig10}

###### 

Summary of the changes observed in young and old animals after 28 days of GH and Mel administration. The table shows the changes in body weight (BW), in distance run, in immobility, and in movement, as directly recorded in the radial maze test. The table also shows the derived variables, average speed of movement, and energetic expenditure. Please note that 100% would mean no change, while changes over and under 100% mean increases and decreases, respectively.

  Compared groups                                                     Δ in BW   Δ in distance run   Δ in immobility time   Δ in movement time   Δ in average speed   Δ in energy spent
  ------------------------------------------------------------------- --------- ------------------- ---------------------- -------------------- -------------------- -------------------
  Young vehicle/young GH (effects of GH in young)                     129%      65%                 87%                    29%                  233%                 720%
  Old vehicle/old GH (effects of GH in old)                           112%      81%                 64%                    64%                  121%                 167%
  Young GH/old GH (interaction age, GH)                               155%      163%                130%                   456%                 81%                  19%
                                                                                                                                                                     
  Young vehicle/young Mel (effects of Mel in young)                   112%      84%                 79%                    186%                 46%                  26%
  Old vehicle/old Mel (effects of GH in old)                          108%      73%                 41%                    145%                 49%                  25%
  Young Mel/old Mel (interaction age, Mel)                            174%      114%                92%                    159%                 71%                  75%
                                                                                                                                                                     
  Young Mel/young GH (comparing the effects of MEL and GH in young)   86%       129%                110%                   652%                 20%                  3.7%
  Old Mel/old GH (comparing the effects MEL and GH in old)            96%       90%                 155%                   228%                 40%                  15%
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